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Abstract  
Quantitative PCR (qPCR) using fluorescent hydrolysis probes (FH-probes; TaqMan®-probes) of 
variable genomes, such as HIV-1, can result in underestimation of viral copy numbers due to 
mismatches in the FH-probe’s target sequences. Therefore both target conservation and physical 
properties of FH-probes, such as melting temperature, baseline fluorescence and secondary 
structure, should be considered in design of FH-probes. 
Analysis of a database of 1242 near full-length HIV-1 sequences with a novel computational tool 
revealed that the probability of target and FH-probe identity decreases exponentially with FH-probe 
length. In addition, this algorithm allowed for identification of continuous sequence stretches of 
high conservation, from which FH-probes with global HIV-1 clade coverage could be chosen. To 
revise the prerequisites of physical FH-probe function, properties of 30 DNA and 21 chimeric DNA 
locked nucleic acid (DLNA) HIV-1 FH-probes were correlated with their performance in qPCR. 
This identified the presence of stable secondary structures within FH-probes and the base 
composition and thermal stability of the 5’-proximal end as novel predictors of FH-probe 
performance. 
Thus, empirically validated novel principles of FH-probe design regarding conservation and qPCR-
performance were identified, which complement and extend current rules for FH-probe design. 
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Abbreviations 
Ct, cycle threshold; Delta-Tm, Tm-difference of FH-probe and the primer binding the same strand; 
DLNA, chimeric DNA locked nucleid acid; FH-probe, fluorescent hydrolysis probe; qPCR, 
quantitative PCR; RT-qPCR, reverse transcriptase qPCR; SNR, signal to noise ratio; Tm, melting 
temperature 
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1. Introduction  
Monitoring qPCR by FH-probes encounters its major pitfalls in assays examining phylogenetically 
diverse viruses such as HIV-1. While primers are relatively forgiving in respect to target variation 
(Christopherson et al., 1997), as little as one mismatch in a FH-probe’s target sequence can greatly 
perturb the results of qPCR by underestimating copy numbers (Damond et al., 2007). This feature 
of FH-probes is widely exploited in genotyping of single nucleotide polymorphisms (Livak, 1999; 
Ranade et al., 2001). 
Further factors influencing the function of FH-probes are related to their physical properties, which 
are determined by primary and secondary nucleic acid structure. Hybridization characteristics and 
kinetics of the FH-probe to its target have been assumed to be crucial for the performance of FH-
probes. Hence, to ensure optimal binding of FH-probe to target, a choice of binding sites devoid of 
secondary structures and with 40-60% G/C content has been proposed (Bruijnesteijn Van 
Coppenraet et al., 2004; Gut et al., 1999; Livak et al., 1995; Mackay et al., 2002; Malnati et al., 
2008). In addition, to ensure hybridisation of the FH-probe before elongation of the newly 
synthesized DNA strand, it has been postulated that the melting temperature (Tm) of FH-probes 
should be 5-10°C higher than the Tm of the primer binding to the same DNA strand as the FH-
probe (Gut et al., 1999; Mackay et al., 2002). 
Performance of FH-probes in qPCR assays also depends on intensity of fluorescence, which is 
suppressed in the absence of PCR target by a quenching moiety commonly placed at the 3’ end of 
the FH-probe and elicited by nucleolytic detachment of the base carrying the fluorophore, usually 
placed at the FH-probe’s 5’ end. The physical proximity of fluorophore and quencher in the absence 
of PCR product has been reported to influence performance of FH-probes (Livak et al., 1995). 
Optimal proximity of the two modified bases in the free FH-probe may be attained by keeping the 
FH-probe length minimal (Letertre et al., 2003) or, if long FH-probes need to be designed, by 
attachment of the quencher to internal positions (Proudnikov et al., 2003). 
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Another important rule advises to avoid guanosine at the residue carrying the fluorophore because it 
quenches fluorescence even after hydrolysis and it may be cleaved off with reduced efficiency 
(Livak et al., 1995; Lunge et al., 2002). 
In the present study, the phylogenetic constraints for design of FH-probes were addressed by 
analyzing the relationship of FH-probe match frequency with FH-probe length and single base 
conservation. Physical properties of FH-probes and their influence on FH-probe performance were 
examined by testing 51 probes targeting 6 amplica (plural of amplicon) within the HIV-1 genome.  
2. Methods 
2.1. Conservation of FH-probes 
The conservation of the chosen amplica was calculated by taking into account all circulating HIV-1 
groups (subtypes M, N, O, CPZ). The sequences were obtained from curated alignments in the Los 
Alamos HIV Sequence Database (download 2007, www.hiv.lanl.gov) comprising a total of 1242 
sequences including 17% subtype-B isolates. Due to location at the ends of the genome, the early 
and the nef amplica, respectively, were only covered by 233 (34% subtype B) and 1231 (16.5% 
subtype B) viral isolates. The levels of single base conservation were compared to a global 
consensus and calculated using Bioedit (Hall, 1999). 
Identification of short continuous stretches of matching oligonucleotide sequences was carried out 
using the R statistical computing environment (version 2.8.1) (Ihaka and Gentleman, 1996) and 
tools from the seqinR package available at http://pbil.univ-lyon1.fr/software/SeqinR. Briefly, after 
removal of gaps, this implementation locates all possible substrings of a defined length within a 
reference sequence and calculates the corresponding frequencies of perfect matches to the 
alignment. Each amplicon was analyzed separately. The source code is available upon request.  
Match frequencies (Table 1) of FH-probes were calculated based for either only B-subtypes or all 
HIV-1 groups (subtypes M, N, O, CPZ). 
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2.2. FH-probe design 
All FH-probes contained the fluorophore FAM and the quencher TAMRA. Tms of the DNA FH-
probes were calculated with an open source program (www.biophp.org) using the base-stacking 
algorithm, which was adjusted for the presence of 3mM MgCl2. In all FH-probes a 5’ terminal G 
was avoided (Gut et al., 1999; Mackay et al., 2002; Malnati et al., 2008). The calculated Tms were 
aimed to exceed 55°C, except for mf341, which was designed solely based on phylogenetic 
considerations. DLNA FH-probes were designed with a length of 8-14 bases and with a content of 
LNA bases of 10-75%. Tm for DLNA FH-probes was calculated with an open source program 
different from that used for DNA FH-probes (http://lna-tm.com), considering differences in melting 
temperature between DNA and LNA bases. 
2.3. Tm measurement 
The Tm of the FH-probes was measured by examining the denaturation kinetics of the FH-probe 
(0.1uM) and its complementary strand (1uM) in a range from 30-90°C in 0.5°C intervals for 10 
seconds using a real-time thermocycler (IQ5, Biorad, Basel, Switzerland). To attain conditions close 
to those of qPCR, the complementary strands were designed with overhangs of 3 bases avoiding 
dangling ends and the experiments were performed in 1 x Hotstartaq buffer (Qiagen) lacking 
enzyme with the inclusion of 3mM MgCl2. The analysis of the melting curves was executed by 
subtracting the background fluorescence of the FH-probe without the complementary strand from 
the fluorescence signal in reactions containing the complementary target. The Tm was defined as 
the temperature at which 50% of subtracted fluorescence was reached. 
2.4. PCR and signal to noise ratios 
DNA qPCR was performed as described previously (Kaiser et al., 2007) using HotStarTaq Master 
Mix (Qiagen), 1uM of each primer and 0.1uM FH-probe. Experiments were done in duplicate using 
the real-time thermocycler IQ5 (BioRad, Basel) and as cycling profile: 95°C 15’, 60x (95°C 5’’, 
55°C 5’’, 60°C 40’’). The following primers were used; cr1 
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(TCTCTGGCTAACTAGGGAACCCACTGCTT) (Lewin et al., 1999) and cr2 
(TGACTAAAAGGGTCTGAGGGATCTCTAGTTACCAG) (Lewin et al., 1999) for the early region, 
ts5’gag (CAAGCAGCCATGCAAATGTTAAAAGA) (Kaiser et al., 2007) and skcc 
(TACTAGTAGTTCCTGCTATGTCACTTCC) (Christopherson et al., 2000) for the gag region, mf209 
(AAAGCGTCTAGCCATGGCGTTAGTA) and mf302 (CAAATTTCTACTAATGCTTTTATTTTTTC) for the 
pol region, mf1 (CTTAGGCATCTCCTATGGCAGGAA) (Fischer et al., 2004) and mf238 
(GCTATTATTGCTGCTACTACTAATGCTACTA) for the tat region, mf222 
(GGCAGGGATATTCACCATTATCGTTTCAGA) and mf83 (GGATCTGTCTCTGTCTCTCTCTCCACC) 
(Fischer et al., 2004)  for the sa7 region, and mf345 (AATCAGGGAAGTAGCCTTGTGT) and mf346 
(GAGGTGGGTTTTCCAGT) for the nef region . 
HXB2 was chosen as a standard target for all the experiments and pHXB2 (Ratner et al., 1987) was 
linearized by digestion with Xho1. Concentration of the plasmid was quantified by 
spectrophotometry. Based on the length of the linearized plasmid (13000bp), the molecular weight 
(8.5x10
6
 g/mol) and copy number were calculated. A standard dilution series with 10fold dilution 
steps was prepared. 
SNRs of individual FH-probes were determined by amplification of constant copy numbers (3x10
6
 
copies HXB2 DNA) dividing mean fluorescence of the last 5 cycles of the amplification when 
fluorescence has reached a plateau, by mean fluorescence of the initial 5 PCR cycles. Means of two 
independent experiments using duplicate measurements were calculated.  
2.5. Calculations and Statistics 
Statistical analyses were performed either using GraphPad Prism5.0 software (GraphPad Software, 
San Diego, CA) or Stata (Version 10.0; StataCorp). 
Univariable and multivariable linear regression to determine predictors for SNRs of FH-probes 
were performed using Stata. P<0.05 was considered
 
statistically significant. Factors with strong 
colinearity (p<0.01) were not included in the multivariable analysis. 
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The following parameters were tested in univariable analyses additionally to the ones shown in 
Table 2, but without revealing statistically significant association with SNRs: G/C-basepairs in 1
st
 
and 2
nd
 position, purine in 1
st
 and 3
rd
 position, concentration of the FH-probe, Tm of the primer 
binding the opposite strand as the FH-probe and distance of FH-probe to the primer binding the 
same strand as the FH-probe. 
3. Results  
3.1. Phylogenetic complexity of conserved regions of the HIV-1 genome 
Amplica in 6 regions commonly used for HIV-1 qPCR due to their conservation or usefulness for 
monitoring important splice variants were assessed in this study: An amplicon mapping the primary 
viral transcripts in the R/U5 region (early), the coding region for p24-gag (gag), the start of the 
reverse transcriptase gene (pol), the first coding region of the tat-gene (tat), env-gp41 flanking the 
major splice acceptor 7 (sa7) and the poly-purine tract within the nef gene (nef) (Table 1, Fig. 1a). 
Phylogenetic conservation within the six chosen amplica was analyzed with emphasis on match 
frequency, defined as 100% identity of FH-probe with its target, by employing a novel sequence 
scanning program. In this algorithm, a sequence defined as standard is screened in a sliding window 
approach for match frequencies of all possible FH-probes by comparison to a sequence database. In 
the present study, HXB2, the commonly used first molecular isolate of HIV-1 (Ratner et al., 1987), 
was used as the reference sequence and the database was a collection of 1242 near full-length HIV-
1 genome sequences representing phylogenetically distinct viral isolates spanning the full scope of 
the HIV-1 pandemic, which was extracted from the Los Alamos HIV Sequence Database 
(hiv.lanl.gov). Figure 1b shows an analysis of 10-, 20- and 40-base oligomers plotted against 
average single base conservations. Theoretically, match frequencies (M) are proportional to the 
product of single base frequencies; this can be approximated by 
equation 1) M = (CGM) 
L
, 
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which potentiates the geometric mean of single base conservation (CGM) with oligonucleotide chain 
length (L).  
A comparison of calculated versus observed match frequencies revealed close correlation (Pearson 
r=0.96) but significantly higher values for observed match frequencies (Wilcoxon signed rank test, 
p<0.0001). The most likely explanation for this discrepancy is that single base conservations were 
not independent from each other but genetically linked due to constraints of codon usage and RNA 
structure. Thus, to adjust the model for linkage, a correction factor (λ) was introduced: 
Equation 2) M = (CGM) 
L ×
 
λ 
 
Fitting the dataset to equation 2 resulted in λ=0.74 (95% confidence interval: 0.73-0.75). The model 
showed significant correlation (Pearson r=0.97) between observed and predicted match frequency 
and no significant difference between them (Wilcoxon signed rank test, p=0.32). This analysis 
demonstrates that the probability that an oligonucleotide will find its match in a viral population 
decreases exponentially with FH-probe length (Fig. 1c).  The influence of the oligonucleotide 
length may be relieved if genetic linkage results in coinheritance of clusters of bases, in which case, 
λ<1, oligonucleotide length is virtually shortened.  
In contrast to these constraints related to assay sensitivity, specificity of FH-probe binding (S), 
defined as the probability that a certain sequence would not occur in a random amplicon, can be 
approximated by 
equation 3) S = (1-(1/4)
L
) 
(A-L+1) 
,  
where L is the length of the FH-probe and A the length of a random, erroneously amplified 
sequence. This equation can be justified as follows: The probability, that the FH-probe matches a 
given stretch of length L (i.e. the length of the FH-probe) is (1/4)
L
 (assuming equilibrium of all 4 
bases). The entire amplicon can be viewed as consisting of A-L+1 stretches of length L. This 
approximation further assumes that the event of matching a given stretch is independent from 
matching the other stretches. Under this assumption the probability of obtaining no match at all is 
Althaus et al. 
 - 10 - 
(1-(1/4)
L
) 
(A-L+1)
. Thus, it was estimated that the specificity of FH-probe binding exceeds 99% with 
a FH-probe length of >9bases and A ranging from 40-1000 bases (Fig. 1c). 
3.2. Signal to noise ratios of FH-probes as indicators of DNA FH-probe performance 
In previous studies signal to noise ratios (SNRs) of fluorescent probes were used to gauge efficacy 
of qPCR assays (Kutyavin et al., 2000; Yao et al., 2006). To confirm this concept, SNRs of 
individual FH-probes were calculated by dividing fluorescence at the end of the amplification by 
fluorescence during the initial cycles of amplification. To avoid interference of qPCR by possible 
primer dimer amplification and the resulting reduction of fluorescence in reactions with low copy 
numbers (Kaiser et al., 2006), high amounts of template (3x10
6
 copies HXB2 DNA) were used. As 
shown in Figure 2a and Table 1, performance in a panel of 30 DNA-based FH-probes ranged from 
ineffective (mf 342, SNR=1.1) to excellent (mf226, SNR=18.7).  Cycle threshold (Ct) -values and 
their standard deviations, respectively, showed significant inverse correlation with SNRs (Pearson 
r=-0.52; p=0.004 and r=-0.59; p=0.0007 respectively), confirming association of SNRs with 
sensitivity and reproducibility of qPCR. 
3.3. Predictors of SNRs of DNA FH-probes 
To assess the factors influencing biochemical performance of the DNA FH-probes, SNRs and their 
different potential predictors were examined in univariable and multivariable linear regression 
models (Table 2). Melting temperature (Tm) showed weak but significant correlation to SNRs, 
either when measured or predicted by nearest neighbour analysis (p=0.033; measured and p=0.038; 
predicted). High G/C content of the DNA FH-probe was associated (p=0.002) with high SNRs. 
Furthermore, the presence of G/C rich secondary structures within the FH-probe was, in 
contradiction to current rules, a highly significant positive predictor of SNRs (p<0.001). FH-probes 
with intramolecular stem-loop structure containing one or more G/C base-pairs performed better 
than FH-probes with no or only a weak secondary structure (Fig. 2b, p=0.003). A trend for 
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association of short FH-probe length (p=0.102) with high SNRs was observed, while Tm-difference 
of FH-probe and the primer binding the same strand (Delta-Tm) lacked correlation (p=0.742). 
Upon encountering FH-probe bound to its template, taq polymerase can either remove the FH-probe 
by exonucleolytic cleavage or by strand displacement. We hypothesized that stability of the probe-
template complex at its 5’ end may favour exonucleolytic cleavage and generation of free, 
unquenched fluorophore. Thus, thermal stability and base composition of the 5’ ends of the FH-
probes were analyzed in detail. 
SNRs were positively associated with the predicted Tm of the ten 5’ proximal bases (Pearson 
r=0.65, p=0.0001) (Fig. 2c). In agreement, FH-probes with a G or C at position 3 showed 
significantly elevated SNRs as compared to those with A or T (p=0.001, data not shown). At the 
second position, presence of G was favourable, followed by presence of A. Hence, SNRs of DNA 
FH-probes with a purine at position two were significantly higher than SNRs with a pyrimidine 
(Fig. 2d, p=0.01). No significant association of the bases at the first position with SNRs was 
observed. 
Multivariable analysis, including statistically significant factors (p≤0.05 in univariable analysis), 
except for those with strong colinearity (p<0.01), resulted in a model in which 5’-proximal Tm 
(p=0.006), a purine at position 2 (p=0.035) and the numbers of intramolecular G/C-basepairs 
(p=0.004), explained 67% of the variability in SNRs (Table 2). 
Thus, we suggest the following rules to design functional DNA FH-probes: 5’-proximal Tm ≥ 
30°C, a purine at position 2 and ≥ 2 intramolecular G/C-basepairs. 
3.4. Performance of DNA FH-probes in qPCR 
Four FH-probes with SNR>2 were chosen for further analysis according to their phylogenetic 
match frequencies: mf74 within early (87% match to viral isolates from all clades, 97.5% clade B), 
mf319 in gag (42% overall, 77.5% clade B), mf348 in pol (63% overall, 81% clade B), and mf226 
in sa7 (22.8% overall, 72.6% clade B). FH-probes within nef and tat were not included due to low 
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match frequencies within the set of utilizable FH-probes (<20%). HIV-1 DNA copies were 
measured by qPCR in a range from 3 million to 0.3 copies per PCR and the 50% endpoint of PCR-
positive dilutions was determined as an indicator of assay-sensitivity. All qPCRs using gag, pol and 
sa7 FH-probes reached single copy sensitivity (Fig. 3b-d), while amplification of the early 
amplicon showed slightly reduced sensitivity presumably due to formation of primer dimers in later 
cycles (Fig. 3a), typically resulting in progressive diminution of signal amplitudes (Kaiser et al., 
2007). 
Thus, quantification of HIV-1 DNA was achieved over 6 orders of magnitude approaching single 
copy sensitivity for 3 FH-probes. Although they matched B-subtypes with reasonable frequency, 
match frequencies for nonB-subtypes were insufficient to cover the full scope of the global 
pandemic. 
3.5. Improved short FH-probes using locked nucleic acid analogues 
To design FH-probes with higher clade coverage, shorter chimeric DNA locked nucleic acid 
(DLNA) FH-probes were used. In locked nucleic acids base pairing is stabilized by a 2-O,4-C-
methylene bridge on the ribose moiety (Jensen et al., 2001). As exemplified in Figure 4a, a 13-mer 
DLNA FH-probe showed higher thermal stability when bound to its complementary strand than an 
overlapping 23mer DNA FH-probe. 
To identify candidate short FH-probes with high conservation, the sequence scanning algorithm was 
employed. An example is shown for the pol amplicon (Fig. 4b), which was scanned for all possible 
8-, 10-, 12- and 14-mers. This procedure identified separate peaks of highly conserved sequence 
stretches from which FH-probes were chosen. Based on this analysis, 21 DLNA FH-probes (6 in 
early, 5 in gag, 4 in pol, 5 in sa7, 1 in nef, Table 1) ranging from 8-14 bases were synthesized. 
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3.6. Predictors of SNRs of DLNA FH-probes 
SNRs of DLNA FH-probes were measured as described for DNA FH-probes. Ct-values and their 
standard deviations, respectively, were inversely correlated with SNRs (Pearson r=-0.55; p=0.01 
and Pearson r=-0.73; p=0.0003). 
SNRs of DLNAs were tested for association with Tm, FH-probe length, G or C at position 3 and 
purine at position 2. Intramolecular G/C-basepairs were not assessed because DLNA FH-probes 
generally contained no secondary structures. Similarly, the Tm of the ten 5’ proximal residues was 
not assessed as it was virtually identical to overall Tm. Finally, to account for the fact that not only 
G/C-residues promote strong basepairing but also LNA-residues, the presence of weakly pairing 
bases (plain A/T content, i.e. no G/C no LNA) was assessed rather than presence of strongly pairing 
bases (G/C, LNA). 
The sole statistically significant predictor identified in univariable analysis was purine at position 2 
(p=0.009). For identification of additional potential predictors, inclusion in the multivariable model 
was extended to parameters with a univariable p-value ≤0.1. This resulted in a model explaining 
56% of the data variability (Table 2), in which purine at position 2 (p=0.007) and FH-probe length 
(p=0.023) positively predicted SNRs, while plain A/T-content showed a negative association 
(p=0.040). 
Thus, we propose the following rules to design functional DLNA FH-probes: A purine at position 2, 
length ≥ 11 nucleotides and a plain A/T-content ≤ 35%. 
3.7. Performance of DLNA FH-probes in qPCR 
Based on their SNRs and phylogenetic conservation, DLNA FH-probes representing gag (ri20, 79% 
match to viral isolates from all clades, 90% in subtype B), sa7 (ri12, overall 36%, subtype B 77%), 
nef (ca26, 95% overall and for clade B) and 2 FH-probes for pol (ri15, 87% overall, 94% clade B 
and ri16, 82% overall, 90% clade B) were further tested for their usefulness in qPCR (Fig. 5). FH-
probes for the early amplicon were not included in this analysis because of the slightly reduced 
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sensitivity of the qPCR, as shown above for DNA FH-probes, and because the dataset for this 
amplicon compassed a smaller number of viral variants than the other amplica (n=233 versus 
n=1242) with overrepresentation of subtype B (34% versus 17%). All PCR assays ranged over 6 
orders of magnitude and reached single copy sensitivity. 
In a previous study match frequencies of an RT-qPCR assay were boosted by adding two FH-
probes into a single reaction (Fischer et al., 2004). The rationale was that fluorescence is expected 
to show up when at least one of two FH-probes A and B fits its target. This combined match 
frequency (MAvB) can be estimated as 
equation 4) MAvB = MA + MB - (MA x MB). 
This concept was employed with 2 FH-probes in pol (ri15 and ri16), which resulted in qPCR with 
single copy sensitivity (Fig. 5d). Assays performed with single FH-probes gave indistinguishable 
results (data not shown). Combinatorial analysis as described by equation 4, predicted that 97.8% 
(observed 96.7%) of viral isolates among all clades and 99.4% (observed 99.0%) within clade B, 
would match at least one of these two FH-probes. Thus, combination of two pol FH-probes resulted 
in near-universal clade coverage. 
The nef DLNA FH-probe (ca26) showed the highest match frequency (95%) and good performance 
in DNA assays. However, when it was employed for RNA in one-step RT-qPCR under less 
stringent conditions (annealing at 50°C for 30 minutes), false positive reactions were observed at 
low frequencies presumably due to the stretch of 6 guanosines in a row. The other 4 DLNA FH-
probes in this subset functioned reproducibly, with great specificity and without giving rise to false 
positive results using uninfected human PBMC DNA as a template, as well as in RT-qPCR 
(unpublished results). 
4. Discussion  
In the present study, both the structural as well as the phylogenetic side of FH-probe design for 
HIV-1, a paradigm for a virus with high genetic diversity, were addressed. In consideration of the 
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finding that match frequencies decrease exponentially with sequence length, usage of short 
optimally conserved FH-probes was aimed for. This has been facilitated by a novel computational 
tool to systematically identify stretches of highly conserved regions to which FH-probes may be 
targeted. This and the availability of locked nucleic acid analogues enabled us to design short FH-
probes matching up to 95% of a representative collection HIV-1 isolates. Similarly, by combining 
two FH-probes within the same reaction, phylogenetic coverage could even be increased to 97%. 
Regarding performance of FH-probes, analysis of the dataset in this study allowed to determine 
rules empirically for FH-probe design with the limitation that the collection of FH-probes was not 
strictly random and that certain rules were initially followed in design of FH-probes.  
In agreement with current rules (Mackay et al., 2002), a significant impact of stability of the probe-
target complex both on DNA as well as on DLNA FH-probes was observed. However, more than 
the Tm, representing overall stability, the local stability near the site of nucleolytic cleavage of the 
FH-probe appeared to exert a marked influence on FH-probe performance. Hence, the Tm of the 
first 10 5’-proximal bases was a significant positive predictor of the SNRs.  Moreover, stabilization 
of the probe-target duplex appeared to be mediated by forces beyond mere Watson Crick 
basepairing, as indicated by the observation that a purine at position 2 significantly predicted SNRs 
in the two independent datasets comprising DNA and DLNA FH-probes. This finding may reflect 
hydrophobic interaction of the FH-probe fluorophore with the extensive hydrophobic structure of 
the purine-rings. 
Paradoxically, presence of intramolecular G/C base-pairs within DNA FH-probes was significantly 
associated with high SNRs despite their potential to compete with hybridization to the target 
strands. In analogy to molecular beacon probes which rely on stem-loops bringing fluorophore and 
quencher in juxtaposition (Tyagi and Kramer, 1996), intramolecular G/C base-pairs in FH-probes 
may increase quenching in the absence of target. In agreement, significant correlation of 
intramolecular G/C base-pairs with baseline fluorescence (data not shown, Pearson r=-0.53, 
p=0.003) was observed. 
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Similarly to DNA FH-probes, the three identified predictors of DLNA FH-probe performance, 
purine 2, chain-length and low content of plain A/T base-pairs, all may influence duplex-stability. 
The fact that the Tm appeared not to predict FH-probe performance can be interpreted as a 
consequence of sampling, since DLNA FH-probes were chosen to exceed, whenever possible, a 
predicted Tm of 55°C in order to have a chance to perform well. 
5. Conclusions 
In summary, the following empirically tested positive predictors of biochemical FH-probe 
performance emerged from this study: 
1. A purine at position 2 (DNA and DLNA). 
2. An overall Tm ≥ 60°C and Tm of the first ten 5’ proximal bases ≥ 30°C (DNA). 
3. Presence of G/C rich (≥ 2 G/C-basepairs) secondary structures (DNA). 
4. Sequence length (≥ 11) and low contents (≤ 35%) of plain A/T bases (DLNA). 
Moreover, within the set of well performing FH-probes, application of the algorithm to scan 
sequence databases for FH-probes with optimal phylogenetic conservation, allowed to identify 
functional FH-probes in various regions of the HIV-1 genome approaching coverage of the global 
HIV-1 pandemic. It is conceivable that application of these phylogenetic and biochemical principles 
for FH-probe design may also be extended to other phylogenetically diverse biological systems. 
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Figure Legends 
Figure 1 – Phylogenetic complexity of conserved regions of the HIV-1 genome 
(a) FH-probes mapping to 6 regions of the HIV-1 genome were designed utilizing the HXB2 
sequence as a template. Upper panel: Small arrows mark the location of amplica in the viral 
genome. Lower panel: Conservation of the chosen amplica among all circulating HIV-1 clades 
(subtypes A-O, sequences obtained from curated alignments in the Los Alamos HIV Sequence 
Database, download 2007, www.hiv.lanl.gov). The colored area shows the level of single base 
conservation as compared to a global consensus sequence, and grey bars signify the conservation of 
the actual HXB2-sequence when this deviates from consensus. (b) Dependence of match 
frequencies of oligonucleotides on base conservation and oligonucleotide-length (L). HIV-1 
sequence alignments were scanned for the presence of all possible 10- (red, yellow), 20- (magenta), 
and 40-mers (black) in the 6 chosen amplica. Match frequencies (M) were plotted against average 
(GM, geometric mean) of single base conservation (C). Broken lines show prediction of M by 
equation 1) M = (CGM) 
L
. Steady lines depict predictions by equation 2) M= (CGM) 
Lx
 
λ
 including a 
correction factor (λ) to account for linkage. Brown lines show predictions for 10-mers, magenta 
lines for 20-mers and black lines for 40-mers. (c) Calculated match frequencies (M according to 
equation 2) (left y-axis; red circles, error bars: 95% confidence intervals, shaded area: range). 
Specificity (S, right y-axis) of FH-probe binding is modelled as a function of FH-probe length (L) 
and length of an erroneously produced amplicon (A): Equation 3) S = (1-(1/4)
L
) 
(A-L+1)
 (A=40 bases: 
blue crosses, A=100 bases: blue diamonds, A=1000 bases: blue asterisks)  
Figure 2- Performance of DNA FH-probes and analysis of predictors of SNRs 
(a) Amplification curves of DNA FH-probes in 6 amplica (n=1-7, see Table 1). Fluorescence at 
each cycle was normalized to the baseline fluorescence of the first 5 cycles. Dotted lines indicate 
baseline fluorescence. (b) Comparison of SNRs of DNA FH-probes containing <1 (diamonds) or 0-
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1 G/C (triangles) base-pairs in a stem-loop. (c) Pearson correlation analysis of the Tm of the 5’ 
proximal 10 bases of the DNA FH-probes with SNRs. (d) Comparison of DNA FH-probes 
containing a purine (circles) or a pyrimidine (triangles) at the 2
nd
 position. P-values in (b) and (d) 
were calculated by Mann Whitney testing. 
Figure 3- Sensitivity of qPCR using selected DNA FH-probes 
DNA FH-probes with SNRs > 2 and the highest phylogenetic match frequencies of HIV-1 in each 
amplicon were used for amplification of HXB2 DNA in a range from 3 million to 0.3 copies per 
PCR. Broken vertical lines show the 50% endpoint of PCR-positive dilutions and thus signify 
sensitivity of the assays. qPCR for gag (b), pol (c) and sa7 (d) reached single copy sensitivity, while 
amplification of the early (a) amplicon showed reduced sensitivity presumably due to primer dimer 
formation. Experiments were performed in duplicate (3x10
6
-3x10
3
 copies) or quadruplicate 
reactions (<3x10
3
 copies). Results of linear regression of log10 of DNA copy numbers versus Ct-
values are depicted. Inserts show amplification plots of PCR-cycle (x-axis) versus baseline 
subtracted fluorescence (y-axis), with dotted lines displaying the fluorescence threshold and grey 
symbols showing negative controls. 
Figure 4- Melting profiles and match frequencies of DLNA FH-probes 
(a) Melting profiles of two FH-probes within pol. The 13-mer DLNA FH-probe ri16 is depicted in 
blue and the overlapping 23-mer DNA FH-probe mf309 in grey. Symbols connected by lines show 
relative fluorescence and plain lines show their first derivatives. 
(b) Matching of HXB2 derived 8-, 10-, 12- and 14-mers to the aligned HIV-1 sequences of the Los 
Alamos HIV Sequence Database (download 2007, www.hiv.lanl.gov) starting at the indicated 
position within the pol amplicon (position 2500 to 2630, HIV-1 HXB2, GenBank accession number 
K03455). 
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Figure 5 - Sensitivity of qPCR using selected DLNA FH-probes 
DLNA FH-probes with SNRs > 2 and the highest phylogenetic match frequencies of HIV-1 in each 
amplicon were used for amplification of HXB2 DNA in a range from 3 million to 0.3 copies per 
PCR. Broken vertical lines show 50% endpoints of PCR-positive dilutions and thus signify 
sensitivity of the assays. All qPCRs using gag (a), sa7 (b), and nef (c) DLNA FH-probes reached 
single copy sensitivity. Two pol FH-probes that had both reached single copy sensitivity in qPCR 
on their own, were combined in one qPCR (d). This assay also reached single copy sensitivity. 
Experiments were performed in duplicate (3x10
6
-3x10
3
 copies) or quadruplicate reactions (<3x10
3
 
copies). Results of linear regression of log10 of DNA copy numbers versus Ct-values are depicted. 
Inserts show amplification plots of PCR-cycle (x-axis) versus baseline subtracted fluorescence (y-
axis), with dotted lines displaying the fluorescence threshold and grey symbols showing negative 
controls. 
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Table 1 – Properties of FH-probes 
    position
C
   match (%)
D
   Tm
F
 
ID
A
 FH-probe sequenceB amplica 5’ 3’ length all nonB B SNRE m p 
mf320 AAAGCTTGCCTTGAGTGCTTCA early 530 551 22 36 29 52 4.4 64.5 67.7 
mf321 TTCAAGTAGTGTGTGCCCGTCT early 548 569 22 36 29 49 3.8 64.5 68.9 
mf322 TGCCCGTCTGTTGTGTGACT early 561 580 20 64 50 92 6.6 63.5 69.1 
mf323 CCCGTCTGTTGTGTGACT early 563 580 18 64 50 92 5.9 57.5 64.3 
mf74 AGCACTCAAGGCAAGCTTTATTGAGGC 
24
 early 548 522 27 87 82 97 3.9 64 72.1 
ca20 TGtGtGCcCgT early 557 567 11 83 77 96 12.9 59 68 
ca21 TGtGtGccC early 557 565 9 95 92 100 9.9 57 64 
ca22 TGTGtGCCCGT early 557 567 11 83 77 96 10.5 52 56 
ca23 AGcTtGcCtTGaG early 532 544 13 96 95 97 10.7 62 67 
ca24 AGCttGCCttGaG early 532 544 13 96 95 97 27.3 62 70 
ca25 AGCtTGCCtTGAG early 532 544 13 96 95 97 8.2 53 54 
mf316 TAGAGTGCATCCAGTGCATGCA gag 1428 1449 22 0.8 0 4.8 5.8 65 68.7 
mf317 ATGCAGGGCCTATTGCACCA gag 1445 1464 20 22 16 51 6.5 63 68.8 
mf318 AGGCCAGATGAGAGAACCAAGG gag 1464 1485 22 24 15 65 4 69 68.9 
mf319 TGCAGCTTCCTCATTGATGGT gag 1419 1399 21 43 36 78 4.8 63 66.8 
Boe3 TCTATCCCATTCTGCAGCTTCCTCATT 
25
 gag 1431 1405 27 15 3.3 70 1.9 70.5 70.6 
Boe3.2 TCTATCCCATTCTGCAGCTTCCTCATTGATGG gag 1431 1400 32 13 2.8 66 1.7 73 74.3 
Boe3.3 TCCCATTCTGCAGCTTCCTCATTGATGG gag 1427 1400 28 38 32 69 2 56.3 73.5 
ri17 CCAtCaAtGaGGA gag 1400 1412 13 68 64 88 5 56 59 
ri18 CTGcAgAaTgGGA gag 1415 1427 13 80 78 86 1.3 62 66 
ri19 CATgCaGgGcCT gag 1444 1455 12 59 57 70 4.2 63 72 
ri20 AGGcCcTgc gag 1455 1447 9 79 77 90 5.9 58.5 61 
ri21 TCccattc gag 1427 1420 8 87 87 89 1.2 nn 53 
mf304 ATGGCCCAAAAGTTAAACAATGGCCA pol 2599 2624 26 22 13 67 4.9 66 71 
mf305 ATTCCTGGCTTTAATTTTACTGGTACAGT pol 2596 2568 29 47 41 76 2.2 66.5 68.2 
mf309 TTAAACAATGGCCATTGACAGAA pol 2611 2633 23 63 60 75 2.3 57 64.2 
mf348 AAGCCAGGAATGGATGGCC pol 2586 2604 19 63 60 81 8.5 65.5 67 
ri14 ACTgTaCcAgTA pol 2568 2579 12 83 81 91 1.6 54 54 
ri15 CAGgAaTgGaTGG pol 2590 2602 13 87 86 95 9.5 59 62 
ri16 CTGtCaAtGgCCA pol 2631 2619 13 82 81 90 9.3 63.5 64 
ri23 ATGgatgg pol 2595 2602 8 97 96 98 1.5 53 54 
mf82 TCTTCGTCGCTGTCTCCGCTTCTT 
17
 tat 6001 5978 24 17 7.6 64 2.5 61.5 72.7 
mf324 TCCCAACCCCGAGGGGA sa7 8386 8402 17 2.7 0.8 12 2.8 64.5 69.8 
mf325 CCCGAAGGAATAGAAGAAGA sa7 8412 8431 20 5.4 5.9 2.9 3.9 58.5 61.2 
mf326 CTCGGGGTTGGGAGGTG sa7 8398 8382 17 0.6 0 3.4 2.9 63.5 66.6 
mf327 CTATTCCTTCGGGCCTGTC sa7 8424 8406 19 5.5 6 2.9 4.4 63.5 64.4 
mf328 ACCCCGAGGGGACCC sa7 8391 8405 15 2.7 1.1 11 4 62 67.2 
mf2tq TTCCTTCGGGCCTGTCGGGTCCC 
17
 sa7 8421 8399 23 18 9.2 61 6.5 74.5 77.4 
mf226 AGGGGACCCGACAGGCCC 
15
 sa7 8397 8414 18 23 13 73 18.1 72 73.4 
ri10 TGTcGgGtCcCCTC sa7 8409 8396 14 32 24 74 3.8 73 75 
ri11 CCTgTcgGGtCCC sa7 8411 8399 13 38 29 79 3.2 59 73 
ri12 CCCgACaGgCcCG sa7 8403 8415 13 36 28 77 3.9 64 77 
ri13 CGAcAgGcCCgAA sa7 8405 8417 13 31 24 69 4.3 58 76 
ri22 CGAcAggC sa7 8405 8412 8 75 73 87 1.4 53 55 
mf342 TTTTTAAAAGAAAAGGGGGGAC nef 9064 9085 22 86 88 77 1.1 66.5 62.3 
mf343 AAGAAAAGGGGGGACTGGA nef 9071 9089 19 87 89 77 1.3 63 65.5 
mf344 ACAGATCAAGGATATCTTGTCT nef 9133 9112 22 8 2.4 36 1.7 54 61.4 
mf341 CTTTTTAAAAGAAAAGGGG nef 9063 9081 19 83 86 70 1 42 54.5 
ca18 CAAGGCAGCTGTAGATCTTAGCCA nef 9039 9062 24 3.4 0.5 18 3.8 63 68.8 
ca19 AGGGCTAATTCACTCCCAACGA nef 9090 9111 22 0.2 0.1 0.5 9.3 63 68.5 
ca26 AGGGGgGaCtGgA nef 9077 9089 13 95 95 95 4.2 58 74 
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A
 ID denominates identification of FH-probes according to internal nomenclature in the author’s 
laboratory. 
B
 Sequence of the FH-probe (5’ to 3’): capital letters indicate DNA bases and lower case letters 
indicate LNA bases. 
C
 Numbering based on the HXB2 genome according to the software provided by the Los Alamos 
HIV Sequence Database (SEQUENCE LOCATOR, www.hiv.lanl.gov). 
D
 Conservation of all subtypes (all), nonB- (nonB) or B-subtypes (B) was calculated by comparison 
to sequences that were obtained from curated alignments in the Los Alamos HIV Sequence 
Database (download 2007, www.hiv.lanl.gov). 
E
 Signal to noise ratio 
F
 Measured (m) and predicted (p) melting temperature (Tm) (°C) 
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Table 2 - Predictors of SNRs of DNA and DLNA FH-probes 
    Univariate analyses    Multivariate analyses  
    Coefficient (95% CI) p   Coefficient (95% CI) p r
2
 
DNA Tm measured (°C)
A
 0.018 (0.001; 0.03) 0.038   0.005 (-0.01; 0.02) 0.356 0.68 
(n=30) G/C content (%)
B
 0.013 (0.005; 0.02) 0.002      
 FH-probe length -0.022 (-0.05; 0.005) 0.102      
 Predicted Tm 5’ end (°C)C 0.025 (0.01; 0.04) <0.0001  0.015 (0.005; 0.03) 0.006  
 G/C-basepair in 3
rd
 position 0.331 (0.14; 0.52) 0.001      
 Purine in 2
nd
 position 0.27 (0.07; 0.47) 0.01  0.155 (0.01; 0.30) 0.035  
 Delta-Tm (°C)
D
 0.003 (-0.01; 0.02) 0.742      
  Intramolecular G/C-basepairs  0.12 (0.06; 0.17) <0.0001   0.074 (0.03; 0.12) 0.004   
DLNA Tm measured (°C)
A
 0.011 (-0.02; 0.05) 0.53         0.56 
(n=21) Plain AT-content (%)
E
 -0.014 (-0.03; 0.002) 0.091  -0.014 (-0.03;-0.001) 0.04  
 FH-probe length 0.068 (-0.02; 0.15) 0.107  0.077 (0.01; 0.14) 0.023  
 G/C-basepair in 3
rd
 position 0.044 (-0.31; 0.40) 0.797      
 Purine in 2
nd
 position 0.423 (0.12; 0.73) 0.009  0.377 (0.12; 0.64) 0.007  
  Delta-Tm (°C)
 D
 -0.009 (-0.03; 0.02) 0.453           
 
A
 Measured melting temperature 
B
 Content (%) of G and C bases 
C
 Predicted melting temperature of the 10 proximal bases at the 5’ end 
D
 Difference between the Tm of the FH-probe and the Tm of the primer binding the same strand as 
the FH-probe 
E
 Content (%) of A and T bases, not including LNA bases 
Figure(s)
Figure(s)
Figure(s)
Figure(s)
Figure(s)
